Levels of As, Cd, Cr, Cu, Li, Mn, Mo, Ni, Pb, Sb and Se in muscle, gill, stomach, liver, kidney and gonad tissues of six different fish species (Caranx latus, Bagre marinus, Archosargus rhomboidalis, Lutjanus synagris, Scomberomorus cavalla and Sphyraena guachancho) from the Todos os Santos Bay (Bahia State, Brazil) were evaluated. The elements were determined by inductively coupled plasma mass spectrometry (ICP-MS) after wet digestion using reflux system with a cold finger. The detected concentration ranges were as follows (mg kg -1 dry weight): < 0.49-27.31 for As, < 0.013-1.12 for Cd, 0.38-6.05 for Cr, 0.17-28.12 for Cu, < 0.092-1.19 for Li, 0.16-55.9 for Mn, < 0.034-1.24 for Mo, < 0.067-15.57 for Ni, < 0.013-0.60 for Pb, < 0.144 for Sb and 0.57-14.6 for Se. Highest concentrations of trace elements were observed in kidney, liver and gill tissues.
Introduction
Fish consumption is an important dietary source of high-quality proteins, minerals, trace elements and essential fatty acids, including omega-3 acids. So, fish is an important source of food and essential nutrients to population of some regions, being part of the cultural traditions of many people. 1 However, fish and seafood may pose risks to human health because they may contain toxic substances, such as trace elements and persistent organic pollutants. 2 Fish serves as advantageous bioindicators because (i) they have long lifespans; (ii) they develop and live in water allowing continuous monitoring of pollutants and simultaneous spatial integration of pollutant data; and (iii) they are relatively easy to sample. Therefore, many studies have been conducted on the accumulation of trace elements in fish and other organisms in aqueous environments. 3 Fish incorporates trace elements by ingestion of suspended particulate matter in the water column and of food, by ion exchange of dissolved elements across lipophilic membranes (e.g., the gills) and by adsorption of elements on tissue and membrane surfaces. Since that the element distribution in different tissues depends on the way of exposure, i.e., dietary and/or aqueous exposure, the measurement of this distribution can serve as a pollution indicator. 4 The majority of trace element contamination studies using fish have focused on accumulation in soft tissues, such as liver, kidney, gill and/or muscle. Muscle is commonly analyzed to determine contaminant concentrations and to assess health risks because it is the main fish tissue consumed by humans. [2] [3] [4] [5] [6] However, organs, actively involved Vol. 27, No. 12, 2016 in metabolism, including gill, liver and kidney tissues, are known to accumulate greater amounts of trace elements than muscle. [7] [8] [9] [10] The pattern of trace elements distribution is usually evaluated using univariate procedures, but the use of multivariate pattern recognition techniques such as principal component analysis (PCA) and hierarchical cluster analysis (HCA) can provide further interpretation of results. PCA and HCA are multivariate analysis techniques commonly employed in the evaluation of food data allowing the establishment of similarities and differences in a data set. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In this study, the contents of eleven trace elements (As, Cd, Cr, Cu, Li, Mn, Mo, Ni, Pb, Sb and Se) were determined in muscle, gills, stomach, liver, kidney and gonads of six selected fish species from Todos os Santos Bay, Bahia State, Brazil. The employed analytical technique was the inductively coupled plasma mass spectrometry (ICP-MS) and the investigated fish species were Caranx latus ("guarajuba"), Bagre marinus ("bagre"), Archosargus rhomboidalis ("sambuio"), Lutjanus synagris ("ariacó"), Scomberomorus cavalla ("cavala") and Sphyraena guachancho ("bicuda"). These species were selected based on their relevance to the commercial fishing in the Bahia State and to the fish consumption by the local population. Accumulation patterns relating organs and elements were evaluated using PCA and HCA to establish classification, and also to identify the key discriminants that distinguish the samples.
Experimental

Sample collection
Six different fish species (a total of 31 samples, fish species mentioned above) were collected from three suppliers of fresh fish in Salvador city (Bahia State, Brazil) during two subsequent summers (December 2010-January 2011, namely first period (S1), and December 2011-January 2012, namely second period (S2)) to minimize seasonal environmental variations as much as possible. Immediately after collection, the fish samples were stored on ice in an insulated box and promptly transferred to the laboratory.
Instrumentation
A quadrupole ICP-MS Xseries II (Thermo, Germany) equipped with a hexapole collision cell (CC) was used to determine the eleven trace element content in the samples. Internal standards (Ge, Rh, Tl, In, Bi and Sc) were added to compensate for any effects from acid treatment or instrumental drift.
The instrument software control allowed rapid switching between standard mode (no gas, cell vented to mass analyzer chamber) and CC mode, while continuously aspirating the sample. A premixed gas mixture containing H 2 (7%) in He (H 2 O and other impurities at 5 ppm) was admitted into CC under flow control through stainless steel lines. The measurements were made using a nickel sampler, skimmer cones (1.0 and 0.7 mm diameter orifices) and a standard concentric nebulizer. A glass impact bead spray chamber (cooled to 4 °C by a Peltier cooler) and a shielded Fassel torch were used to minimize the plasma potential and thereby to obtain a low and narrow initial ion energy distribution.
Optimal values for instrumental parameters were: radio frequency applied power of 1.3 kW, plasma gas flow rate of 13 L min -1 , auxiliary gas flow rate of 0. 
Reagents and solutions
All material, glassware and utensils were washed with water and distilled water. Then, they were all placed in a dilute solution of detergent (0.5% Extran) for 24 h, and after three washes with distilled water, were immersed in 10% HNO 3 for an additional 24 h. All of these materials were then washed twice with distilled water, once with ultrapure water and then stored until analysis.
All solvents and reagents were of the highest commercially available purity grade. Deionized water (resistivity 18 MΩ cm) obtained from a Milli-Q Pluswater purification system (Millipore, Molsheim, France) was used to prepare all standard and sample solutions. Distilled nitric acid and 30% (m/m) H 2 O 2 (Merck, Darmstadt, Germany) were used for sample digestion.
Monoelemental stock solutions (1 g L -1 , high-purity grade) of As, Cd, Cr, Cu, Li, Mn, Mo, Ni, Pb, Sb and Se and a multi-element solution (100 mg L -1 ) of Bi, Ge, In, Tl, Rh and Sc were purchased from Merck (Darmstadt, Germany). The purity of the plasma torch argon was greater than 99.99%. Following morphometric measurements of the total length and width of each fish, they were filleted, and the muscle tissue was separated from the organs on the same day of the collection to avoid sample degradation.
To analyze tissue-specific concentrations of trace elements, fish samples were dissected, and muscle, gills, stomach, liver, kidney and gonads were carefully separated from other tissues. After dissection, the tissue samples were homogenized, lyophilized, homogenized (particles ≤ 149 mol L -1 , 100 μm mesh) and stored in labeled glass bottles. The lyophilization process was carried out with a vacuum pressure of 10 mmHg for ca. 36 h in a freezer at -40 °C. The humidity in the tissues was determined by wet and dry mass difference after lyophilization.
Digestion was carried out in a temperature-regulated block digester. Approximately 100 mg of sample were digested with 6 mL of 14.1 mol L -1 HNO 3 and 3 mL of H 2 O 2 in a block digester for 2 h at 180 ± 10 °C, using cold finger to prevent loss of volatile analytes and excessive evaporation of the acids during the heating. 22 After cooling to ambient temperature, the solution was transferred to 35 mL capacity flasks, and the volume was adjusted with ultrapure water. All samples were analyzed in triplicate.
Validation studies
For every batch of digested samples, three blanks were prepared, and the accuracies of the employed methods were assessed using certified reference materials: CRM 1566b Oyster Tissue (National Institute of Standards and Technology) and DOLT-4 Dogfish Liver (National Research Council of Canada). The experimental results were in good agreement with the certified values.
The values obtained (in mg kg -1 dry weight) from the analysis of four replicates of these samples were as follows: (i) for CRM 1566b Oyster Tissue: Cd (certified 2.48 ± 0.08; found 93%: 2.37 ± 0.1), Pb (certified 0.308 ± 0.009; found 103%: 0.317 ± 0.02), Ni (certified 1.04 ± 0.09; found 103%: 1.07 ± 0.03), Se (certified 1.80 ± 0.15; found 98%: 1.77 ± 0.2), Mn (certified 18.5 ± 0.2; found 91%: 16.7 ± 0.9) and Cu (certified 71.6 ± 1.6; found 101%: 67.45 ± 0.75); (ii) for DOLT-4 Dogfish Liver: Cd (certified 24.3 ± 0.8; found 94%: 23.8 ± 0.3), Pb (certified 0.16 ± 0.04; found 90%: 0.14 ± 0.02), Ni (certified 0.97 ± 0.11; found 93%: 0.90 ± 0.09), Se (certified 8.3 ± 1.34; found 91%: 7.53 ± 0.46) and Cu (certified 31.2 ± 1.1; found 94%: 28.7 ± 0.2).
The limits of detection (LOD) and of quantification (LOQ) of each analyte were calculated as the analyte concentration that corresponded to three and ten times, respectively, the standard deviation of ten independent measurements of the blank, divided by the slope of the calibration curve, multiplied by the dilution factor and divided by the sample mass used for sample preparation. 
Statistical analysis
Experimental data were evaluated by multivariate statistical techniques: PCA and HCA, using the computer software package 6.0 Statistica (Statsoft).
The chemical descriptors were the contents of each mineral element in the organs. The pattern recognition methods (PCA and HCA) were applied to the data matrix composed of 08 columns (concentrations of the elements) and 396 rows (organ samples) in order to differentiate between groups de organs. The elements Cd, Pb and Sb were not included in this analysis because they presented values below LOQ in most samples. The software package 6.0 Statistica was used for all the chemometric calculations. The data were auto-scaled prior to application of PCA and HCA.
Relationships between the concentrations of trace element in different tissues and between the concentrations of different trace elements within the same tissue were assessed by the Spearman's non-parametric correlation test.
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Results and Discussion
Trace elements concentrations in tissues
The mean length and weight of all six fish species ranged from 25.7 ± 2.1 to 48.7 ± 0.6 cm and 268 ± 22 to 793 ± 32 g, respectively. The average percentage of humidity of the tissues was 77.4 ± 1.2%. Trace element concentrations in muscle, gill, stomach, liver, kidney and gonad tissues for the two sampling periods are shown in Tables 1 and 2 .
The concentrations of different trace elements varied with species and the type of tissue analyzed. The concentrations of Li, Mo and Ni in muscle were below LOQ in all analyzed samples.
Manganese was detected in all of the examined fish samples, and its concentration, dependent on species and tissue type, varied from 0.11-1.37 mg kg -1 in muscle, Vol. 27, No. 12, 2016 Copper is vital for the biological transfer of electrons, for the synthesis of red blood cells and for the preservation of nervous system structure and function. However, high Cu intake is known to result in adverse health effects. The provisional tolerable daily intake (PTDI) for copper, sets as a limit for metal intake based on body weight for an average adult (60 kg body weight), is 3 mg. 25 The observed Cu concentrations varied from 0.17 to 1.30 mg kg -1 in muscle, 1.14 to 6.14 mg kg Nickel is also essential for normal growth and reproduction in mammals but is carcinogenic when consumed in exceedingly high amounts. 26 The minimum and maximum concentrations were found to range from 1. 26, 27 are generally lower than those in other studies.
Chromium is an essential mineral and has been implicated in carbohydrate, lipid, and protein metabolism. 28 The Cr concentrations for the two sampling periods ranged from 0.38- Selenium is an essential micronutrient that is vital to biological systems in small amounts, but there is a narrow exposure range between the essential dose and toxicity in fish. 30 The measured levels of Se ranged from 0. ). Detectable Li concentrations were found in the stomach and gills, which suggests that the main Li exposure route in fish is via food intake. Few studies have reported Li concentrations in fish tissues. Comparison with the mean Li values in previous reports suggests that the results of the present study are generally lower than those reported in other studies. 32 Guérin et al. 32 measured a range of Li concentrations (mg kg -1 wet weight) in liver and gill tissues: liver (0.15 to 0.57), gill (0.22 to 0.30). 2 In the present study, the measured concentrations were (mg kg Cadmium is a non-essential element found in foods and natural waters with potential toxicity to fishes even at low levels. The Cd concentrations in the fish tissues analyzed in this study were 0.159-1.366 mg kg -1 in stomach, 0.093-0.525 mg kg -1 in gills, 0.401-0.961 mg kg -1 in liver, and 0.047-0.081 mg kg -1 in kidney. Cd concentrations in muscle and gonad tissues were below the LOQ. The highest Cd concentrations were found in the stomach and liver tissues of C. latus. Several studies have reported Cd levels in muscle tissue. 30, 33 Cd levels found in the liver were also comparable with previously reported findings from fish native to Turkish seas 33 and Danube River, Serbia. 9 In other studies of Brazilian fish, the Cd concentrations in muscle tissue ranged from < 0.003 to 0.047 mg kg -1 and 0.014 to 0.123 mg kg -1 . 3, 6 Lead is also a non-essential element, and it is well documented that Pb can cause neurotoxicity, nephrotoxicity, and many other adverse health effects. 34 The lead concentration for all samples collected in the first summer period was below the limit of quantification for the method (< 0.042 mg kg -1 ). The concentrations of Pb in the analyzed samples from the second sampling period ranged from 0.475-0.528 mg kg -1 in stomach, 0.477-0.600 mg kg -1 in gills and < 0.042-0.502 mg kg -1 in liver. Lead was detected only in tissues of two species (A. rhomboidalis and L. synagris). Researchers reported higher Pb concentrations in liver tissues than those measured in the present study. 33 Previous analyses of different fish species from Brazil demonstrated mean concentrations of Pb in muscle tissue that ranged from 0.01 to 0.5 mg kg -1 , 3 and 0.10 to 5.4 mg kg -1 .
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The measured concentrations of trace elements varied significantly depending on the analyzed tissue (p < 0.05). The muscle and gonad tissues contained lower concentrations of trace elements, with levels below LOQ for Mo, Li, Cd, Pb and Sb. The highest concentrations of trace elements were found in kidney, liver and gill tissues.
The liver demonstrated an increased potential to accumulate various trace elements, contributing significantly to the storage of metals in fish. This potential to preferentially concentrate trace elements in liver over muscle may result from an increased reaction rate with metallothioneins present in liver. 28, 31, 35 Although gill tissue does not maintain high metabolic activity, it still showed a relevant accumulation of most of the studied analytes, including Mn, Li and Cd. This can be explained by adsorption of trace elements onto the gill surface, resulting in increased concentrations of trace elements. Thus, analyte concentrations in gill may be an indicative of the exposure route for trace elements, i.e., exposure to polluted aquatic environments.
The muscle does not actively accumulate trace elements because of its metabolic rate. 36 However, high trace element concentrations in soft tissues (muscles and skin) have been reported for fish in polluted regions and, in several cases, these concentrations have exceeded acceptable levels. Therefore, the evaluation of trace element concentrations in muscle and regulation of these concentrations is important for generating estimates of the quantities of metals that humans may consume. 37 For all the tissues analyzed, the contaminant element concentrations were significantly different between the two sampling periods (Tables 1 and 2) , except for the concentration of arsenic in the gonads of C. latus (Table 2) .
Relationships between the concentrations of trace elements in all tissues revealed that As, Se and Li concentrations were not significantly associated with other elements. A significant correlation was observed mainly involving pairs of elements with Ni, Mn or Cd. Significant correlations were found as follows Relationships between trace element concentrations in tissues revealed a high correlation involving liver and kidney tissues (Table 3) , mainly for the potential of contaminating chemical elements (As, Cd, Cr and Ni). This high correlation may be related to the function of these organs in the body's detoxification process. 42 To compare the data obtained in this study with the prescribed limits, all muscle concentrations were standardized on a wet weight basis.
Comparing the trace element concentrations measured in muscle with the maximum values established by ANVISA (Table 4) , the concentrations of Cu, Cr, Se, Ni, Pb and Cd were all well below the tolerable limits for food. However, analyzed muscle tissues demonstrated concentrations of Cr and Se that exceeded these limits. Chromium concentrations were 2 to 3 times greater than the limit for L. synagris and S. guachancho. The measured Se concentrations exceeded the tolerable limits for human consumption in 45% of the muscle samples for C. latus, A. rhomboidalis, L. synagris and S. cavalla collected during the S1 period. Se high levels were also found in muscles and viscera of other organisms from the region of the Todos os Santos Bay. 39 In addition, all samples collected during the S2 period demonstrated concentrations that approached the limits. Arsenic concentrations found in muscle exceeded the tolerable limits in 20% of the samples (L. synagris and S. guachancho). Importantly, the concentrations of Cr exceeded the legal limits in 20% of the samples, and the Se concentrations exceeded the legal limits in nearly half of the samples (45%). The presence of these elements in the edible tissues of fish is worrisome because it suggests environmental contamination. Additional studies should be conducted to determine the chemical speciation of these elements because the resultant toxicity is chemical species dependent.
Data evaluation using PCA and HCA
The experimental data obtained in the two considered periods were evaluated by PCA. A data matrix involving 8 elements as columns and the samples as rows was constructed, being the data auto-scaled because the element concentrations are of different orders of magnitude.
The loadings of the original variables on the first three principal components and the variances explained by each principal component are shown in Table 5 .
The data were modeled considering the first three components for a total variance of 74.34%, being that the dominant variables for the first principal component (PC1) are: chromium, molybdenum, nickel and selenium. All these four elements contribute to the major variability shown in the samples, and they are positively correlated, although all with negative loadings. An evaluation of Figures 1a and 1b reveals that the samples of kidneys and livers have the highest concentrations for these four elements.
This observation is possible because liver and kidney samples were clustered in the negative axis of the PC1 score graph and similarly the variables (molybdenum, chromium, nickel and selenium) are positioned on the negative axis of PC1 in the loading graph. For the same reason, it can be affirmed that gill, gonads, muscle and stomach samples, which are positioned on the positive axis of the PC1 score graph, have low concentrations of these four elements. The second principal component (PC2) accounts for 22.73% of the total variance, including lithium and manganese as the dominant variables. Figures 1a and 1b show that some samples of gills and stomachs have the highest concentrations of these two elements. From Figure 1a , Mn and Li are positioned in the positive axis PC2 loading graph, in this way, samples having high concentrations of these elements also will position in the positive axis PC2 score plot. Considering the loadings of the elements as Table 4 , an analysis of the Figure 1b shows that the muscle and gonad samples have the lowest concentration of the elements: arsenic, chromium, copper, lithium, manganese, molybdenum, nickel and selenium. These results are compatible with papers published in which fish muscles always exhibited the lower metal concentrations compared with other tissues such as the skin, gills, intestine, liver and kidney. 21 The experimental data were also evaluated by HCA technique using Ward's method procedure and applying the Euclidean distances. This technique, as can be seen in Figure 2 , shows the formation of three great groups. The first group was formed by liver and kidney samples. A second group involved the gill and stomach samples. The gonad and muscle samples formed the third group. The HCA results are compatible with those found by PCA results.
Conclusions
To the best of our knowledge, this is the first detailed report of selected trace elements in tissues of fish species from the Todos os Santos Bay, Bahia State, Brazil; therefore, only limited comparisons of our results with other data can be made.
In general, muscle and gonads accumulated the lowest levels of trace elements, and the highest concentrations were found in kidney, liver and gills. Levels of Cr, Se, Cd and Pb in fish tissues were found to exceed the permissible levels set for food, according to the Brazilian, EC and FAO standards. The levels of Cd and Pb in the edible parts of the fish were below the proposed limits for human consumption. Statistically significant differences were observed in the mean trace element values obtained from different fish species and their tissues.
This study also underscores the extreme importance of performing speciation studies and surveillance programs to provide important data regarding fish population health and human consumption.
